This study compared the effects of a partial unilateral intrastriatal 6-hydroxydopamine (6-OHDA) lesion model of PD on the number, morphology, and nucleolar volume of dopaminergic cells in the substantia nigra pars compacta (SNpc), ventral tegmental area (VTA), and retrorubral field (RRF). Adult, male rats (n¼ 10) underwent unilateral intrastriatal infusion of 6-OHDA (12.5 μg). Lesions were verified by amphetamine-stimulated rotation 7 days post-infusion. Rats were euthanized 14 days after treatment with 6-OHDA and brains were stained with a tyrosine hydroxylase-silver nucleolar (TH-AgNOR) stain. Dopaminergic cell number and morphology in the lesioned and intact hemispheres were quantified using stereological methods. The magnitude of decrease in planimetric volume, neuronal number, cell density, and neuronal volume resulting from 6-OHDA lesion differed between regions, with the SNpc exhibiting the greatest loss of neurons (46%), but the smallest decrease in neuronal volume (13%). The lesion also resulted in a decrease in nucleolar volume that was similar in all three regions (22-26%). These findings indicate that intrastriatal 6-OHDA lesion differentially affects dopaminergic neurons in the SNpc, VTA, and RRF; however, the resulting changes in nucleolar morphology suggest a similar cellular response to the toxin in all three cell populations.
1.
Introduction
The 6-hydroxydopamine lesion is a well-established animal model of Parkinson's disease (PD), a chronic progressive neurodegenerative disorder characterized by loss of dopamine neurons (Kostrzewa and Jacobowitz, 1974) . Although the loss of neurons in the substantia nigra pars compacta (SNpc, A9) is primarily responsible for the hallmark motor signs of basal ganglia dysfunction that occur in PD, such as tremor, bradykinesia, and rigidity, other midbrain dopaminergic cell populations are decreased as well. These include neurons in the ventral tegmental area (VTA, A10) and retrorubral field (RRF, A8), areas which may contribute to prodromal non-motor PD symptoms such as depression, sleep disturbances and anosmia. These symptoms can manifest years before the onset of motor signs, suggesting that functional changes to the VTA and RRF neurons could serve as a sentinel for future onset of PD (Becker et al., 2002; Claassen et al., 2010) . The SNpc, VTA, and RRF are differentially affected in PD as well as in animal models (Deutch et al., 1986; German et al., 1989 German et al., , 1992 German and Manaye, 1993; Hirsch et al., 1989; Rodríguez et al., 2001) , although the reasons underlying the differential susceptibility of these regions are still unclear.
Understanding the patterns of neurodegeneration that may be occurring in early PD may help elucidate the anatomical basis for the early non-motor signs of the disease. Accordingly, this study sought to determine and compare the changes in dopaminergic cell number and morphology, and nucleolar morphology, in the SNpc, VTA, and RRF using the partial unilateral intrastriatal 6-OHDA model. The partial unilateral lesion results in a moderate loss of midbrain dopamine neurons compared to more extensive lesions (Kirik et al., 1998) , and is thus relevant to early-stage PD. Using this model, we have demonstrated decreased SNpc neuronal number and neuronal volume (Healy-Stoffel et al., 2012) , as well as decreased volume of the nucleolus in SNpc dopaminergic cells (Healy-Stoffel et al., 2013) . The nucleolus, the site of rRNA synthesis, is of particular interest as it is involved in directing the cellular response to stress (Boulon et al., 2010) , and is thus a likely participant in the neurodegenerative processes in PD. Altered nucleolar size and nucleolar damage have been observed postmortem in PD as well as in several other neurodegenerative diseases (Hetman and Pietrzak, 2012; Mann and Yates, 1982; Rieker et al., 2011) . Accordingly, this study extends those findings and demonstrates that intrastriatal partial 6-OHDA lesion results in loss of neurons in the VTA and RRF, as well as in the SNpc; however, the SNpc exhibited the greatest decrease in cell number and the smallest decrease in neuronal volume. The effect of the lesion on nucleolar volume was similar in all three regions. Fig. 1 -Low-(A-F) and high-power (G-L) micrographs of TH-AgNOR stained sections of contralateral and ipsilateral SNpc, VTA and RRF. 4 Â images of TH-AgNOR-stained sections of contralateral and ipsilateral SN qualitatively show depletion of the contralateral SNpc (A and C), ipsilateral SNpc (B and D), contralateral VTA (A, C and E), ipsilateral VTA (B, D and F), contralateral RRF (E) and ipsilateral RRF (F). Size bar¼300 lm. 100 Â images show the outlines of the neurons and the AgNOR-stained nucleoli in contralateral SNpc (G), ipsilateral SNpc (H), contralateral VTA (I), ipsilateral VTA (J), contralateral RRF (K) and ipsilateral RRF (L). Representative sections from the same rat are shown. Size bar¼ 10 lm. Abbreviations: SNL-substantia nigra lateralis, SNpc-substantia nigra pars compacta, VTA-ventral tegmental area, RRF-retrorubral field.
Results
Low-and high-power photomicrographs show the morphology of the ipsilateral and contralateral SNpc, VTA and RRF TH-AgNOR-stained neurons. Low (4 Â ) magnification demonstrates the loss of TH-positive neurons following 6-OHDAinduced neurodegeneration (Fig. 1A-F ). High-power (100 Â ) magnification (Fig. 1G-L) shows the outlines of nucleolar bodies within neurons in the SNpc, VTA and RRF. The nucleoli are heavily pigmented with the AgNOR stain compared to the surrounding cytoplasm. Quantitative data are summarized in Table 1 . The stereological parameters used and the estimates of neuron numbers in individual rats are presented in Supplementary Tables 1 and 2 , respectively. Planimetric (regional) volume was decreased on the side ipsilateral to the 6-OHDA injection compared to the contralateral side of the SNpc (À20%), VTA (À 8%), and RRF (À 20%) (Po0.05). The decreases in planimetric volume in the SNpc and RRF were roughly twice that observed in the VTA (Po0.05).
The number of AgNOR-positive neurons in all three regions was decreased on the ipsilateral side compared to the contralateral side (Po0.05). The percent decrease in THAgNOR-positive neuron number was roughly 60% larger in the SNpc, which exhibited a 46% decrease in neuronal number, than in the VTA and RRF, where neuronal number was decreased 28% in both regions (Po0.05).
The density of TH-AgNOR-positive neurons was decreased on the ipsilateral side compared to the contralateral side in the SNpc (À33%) and VTA (À 22%) (Po0.05). The magnitude of the effect was not significantly different between these regions.
In the RRF, there was no significant effect of 6-OHDA lesion on the density of AgNOR-positive neurons.
The cell body volume of TH-AgNOR-stained neurons was decreased on the ipsilateral side compared to the contralateral side in the SNpc ( À 13%), VTA (À 21%), and RRF ( À24%) (Po0.05). The decrease in cell volume was greater in the VTA and RRF than in the SNpc (Po0.05 and Po0.001, respectively).
The volume of the nucleoli of TH-AgNOR-positive cells was decreased on the ipsilateral side compared to the contralateral side in the SNpc (À22%), VTA (À 24%), and RRF (À26%) (Po0.05). There was no significant difference between the percent decreases in nucleolar volume among the regions.
Discussion
This study determined the effects of a unilateral intrastriatal administration of 6-OHDA, which causes oxidative stressinduced neurodegeneration when taken into the cells by the monoamine transporter (Kostrzewa and Jacobowitz, 1974) , on dopaminergic neuron number and morphology in the SNpc, VTA, and RRF in rats. The dose of 6-OHDA used was selected to produce a partial lesion, thus modeling the early stages of Parkinson's disease (Bethel-Brown et al., 2010) , and unilateral administration models the initially-unilateral presentation of PD (Hoehn and Yahr, 1967) . The effects of the lesion were assessed 14 days after lesion, when the neurodegeneration induced by the toxin is near maximal (Tieu, 2011) . Thus, the present study is an examination of dopaminergic cells remaining after a partial lesion. The data show that these brain regions exhibit differential responses to the intrastriatal administration b r a i n r e s e a r c h 1 5 7 4 ( 2 0 1 4 ) 1 1 3 -1 1 9
of the toxin with respect to the resulting reduction in regional volume, neuron number, cell density and neuronal volume.
Effects on regional volume and neuronal number and density
The percentage of SNpc neurons lost in this study (46%) was comparable to others' findings in moderate PD models (Lee et al., 1996; Rodríguez et al., 2001) . As would be anticipated based on the larger number of projections to the striatum from the SNpc (German et al., 1988; Jimenez-Castellanos and Graybiel, 1987 ) and the intrastriatal route of toxin administration, the SNpc exhibited greater decreases in regional volume, neuron number and neuron density than the VTA and RRF. Nevertheless, in both this and in another study of unilateral intrastriatal 6-OHDA (8 mg) lesions in rats (Gomide et al., 2005) , significant loss of cells in the VTA was observed consistent with the presence of dopaminergic projections from the VTA to the caudate-putamen, and reflective of their loss in PD and PD models (German et al., 1988 (German et al., , 1989 (German et al., , 1996 Jimenez-Castellanos and Graybiel, 1987; Uhl et al., 1985) . Likewise, the dopaminergic cell loss in the RRF observed in this study supports the previous detection of dopaminergic projections from that region to the striatum and their destruction in PD (German et al., 1989; Jimenez-Castellanos and Graybiel, 1987; Rodríguez et al., 2001) .
The pattern of dopamine cell loss induced by 6-OHDA was qualitatively similar to the losses reported in post-mortem PD brains. For example, in agreement with the present findings, decreased regional volume and dopaminergic neuronal density in the SN and the VTA were reported in PD (German and Manaye, 1993; Jellinger, 1991; Kashihara et al., 2011; McRitchie et al., 1997; Ziegler et al., 2013) . However, most post-mortem studies of PD have examined an advanced stage of neuronal loss in which SNpc neurons are decreased by 70% or more (Hirsch et al., 1988) . In PD, neuronal loss from the VTA, which projects chiefly to limbic and cortical brain regions (Oades and Halliday, 1987; van Domburg and ten Donkelaar, 1991) , is similar to that in the RRF, but less than in the SNpc (German et al., 1988 (German et al., , 1996 Hirsch et al., 1988; Hirsch, 1994; Rodríguez et al., 2001; Uhl et al., 1985) . Interestingly, in PD as well as in animal models of the disease with extensive dopaminergic cell loss, the ultimate level of neuronal loss in the VTA and RRF peaks at around 70% for the RRF neurons, and at around 60% for the VTA neurons in most studies (German et al., 1988 (German et al., , 1996 Hirsch et al., 1988; Rodríguez et al., 2001; Uhl et al., 1985) . In contrast, in this study of a partial lesion designed to model early-stage PD, significant loss of dopaminergic cells was observed in the VTA and RRF; however, the magnitude of cell loss in these regions was roughly 60% of that observed in the SNpc. Interestingly, although the number of dopaminergic cells was decreased in the RRF in PD, RRF regional volume and neuronal density were unaltered in PD (German and Manaye, 1993; Jellinger, 1991; McRitchie et al., 1997) , similar to lack of change in neuronal density in the RRF observed in this study. It must be noted, however, that rodents have a lower proportion of dopaminergic neurons in the SN than the VTA compared to primates, while the proportions of RRF neurons are similar (German and Manaye, 1993) . Accordingly, susceptibility to PD-modeling lesions may differ between species. Nevertheless, the consistencies in the vulnerability of the SNpc, VTA and RRF regions between rodents and primates underscores the value of rodent models in the study of the early mechanisms of PD disease.
Effects on neuronal volume
Altered neuronal volume is associated with neurodegeneration (Iacono et al., 2008; Rudow et al., 2008) . Neuronal hypertrophy may occur as an initial compensatory reaction to stress, followed by atrophy as the insult overwhelms the cell's ability to function, ultimately resulting in degeneration . Thus, changes in neuron size can be a sign of cellular dysfunction (Janson et al., 1991; Rudow et al., 2008; Smith et al., 1999) . In this study, intrastriatal 6-OHDA resulted in decreases in dopaminergic neuronal volume in all regions examined, with greater decreases in volume in the VTA and RRF than in the SNpc. That the SNpc neurons in this study were relatively resistant to change in neuronal volume compared to those of the VTA and RRF is especially intriguing when considered in the context of the greater SNpc dopaminergic neuron loss compared to the VTA and RRF. This may indicate that the ipsilateral RRF and VTA neurons are either more susceptible to decreased volume in early stages of the disease, or that there is relatively greater hypertrophy on the contralateral side, either of which could be indicators that these dopamine subpopulations may play an important role in the early disease process. Alternatively, the ipsilateral SNpc neurons could be relatively hypertrophied in comparison to those of the VTA and RRF in order to compensate for the greater degree of neuronal loss in the SNpc. Accordingly, in future studies, it would be interesting to compare neuronal morphology between lesioned and unlesioned rats. However, a stereological study comparing unilateral intrastriatal 6-OHDA (8 mg) and solvent-injected control animals found no difference in contralateral TH-positive SNpc soma volumes between the 6-OHDA-and solvent-injected animals (Gomide et al., 2005) , suggesting that such compensatory changes, if any, are minimal. Post-mortem findings on neuronal volume in PD have been mixed . However, a recent study using stereological analysis has found that neuronal volume is decreased in the SN of PD subjects, in clear contrast with the hypertrophy of SNpc neurons found in normal aging . In the VTA, dopaminergic neuronal size was decreased in PD (McRitchie et al., 1997) , as well as in a mouse chronic MPTP and probenecid model of PD (Ahmad et al., 2009) . Furthermore, in the chronic MPTP and probenecid model, the decrease in VTA neuronal volume was restored after 18 weeks of exercise, indicating that the morphology of VTA neurons is an effective indicator of neuronal response to neuroprotective treatments (Ahmad et al., 2009 ). In the RRF, studies of neuronal volume are lacking, but decreased RRF neuronal diameter was observed after intraventricular 6-OHDA in rats (Rodríguez et al., 2001) . A limitation of all of these studies, however, is the inability to determine whether the decrease in neuronal volume is due to neuronal atrophy or to preferential loss of larger neurons, which must be determined in future studies.
Effects on nucleolar volume
In addition to the changes to neuronal volume, the 6-OHDA lesion resulted in a decrease in nucleolar volume (22-26%) that was similar in all three dopaminergic cell populations.
b r a i n r e s e a r c h 1 5 7 4 ( 2 0 1 4 ) 1 1 3 -1 1 9
A 16% decrease in nucleolar volume has also been observed in post-mortem PD brains (Mann and Yates, 1982) . Although studies on the effects of PD on nucleolar volume in the VTA and RRF are lacking, it is interesting that in the present study the nucleolar volume is decreased in both the VTA and the RRF, suggesting that alterations in nucleolar morphology in these regions may also be present in PD. The nucleolus plays an important role in the cellular response to the oxidative stressors implicated in PD, and it is likely that morphological changes to the nucleolus of the surviving neurons reflect the presence of neurodegeneration (Boulon et al., 2010; Hetman and Pietrzak, 2012) . The similarity in the effect of 6-OHDA in all three dopaminergic regions suggests that all of these neuronal populations are responding similarly to the toxic insult, at least with respect to its effects on the nucleolus.
Conclusions
The present findings demonstrate that dopaminergic neurons in the SNpc, VTA, and RRF are affected by a partial unilateral intrastriatal 6-OHDA lesion designed to model early PD. Limitations in experimental throughput restricted this study to the examination of a single dose of 6-OHDA at a single time point after administration, thus limiting interpretation of the results to the effects on surviving neurons, rather than changes occurring during the process of degeneration. Nevertheless, these findings could indicate that although the VTA and RRF may ultimately lose fewer neurons in end-stage PD compared to the SNpc, the VTA and RRF may be more sensitive to early loss of neurons. Moreover, dopaminergic projections from the VTA and RRF play roles in mood and sleep regulation, which are disturbed in early PD, supporting contribution of the loss of neurons from these cell groups in the early phases of the disease (Becker et al., 2002; Claassen et al., 2010) . Elucidation of these alterations in morphology is an important step in determining the effects of a degeneration-causing insult, which can then be further explored with biochemical and functional assessments to determine the mechanisms of change and their functional consequences. Finally, although the effects of this lesion on cell number are greatest in the SNpc, all three regions exhibited similar changes in nucleolar morphology, suggesting a similar cellular response to the toxin in all three dopaminergic cell populations, at least with respect to effects on this organelle, and supporting the role of neurodegeneration in regions such as the VTA and RRF in the early neuropathology of PD.
Experimental procedure
All experiments were performed in compliance with the NIH Guide for the Care and Use of Animals and were approved by the University of Kansas Medical Center Institutional Care and Use Committee.
Animals, 6-OHDA lesion procedures and lesion validation
Male Long-Evans rats (90-100 days old, n¼ 10; Harlan, Indianapolis, IN) were housed in a temperature-and humiditycontrolled facility with a 14-10 h light-dark cycle (on at 06:00 h) with ad libitum access to standard lab chow (Teklad 8604, Harlan Laboratories, Inc., Indianapolis, IN) and water. Rats were group housed until the lesion surgery, after which they were housed individually.
As previously described in detail (Healy-Stoffel et al., 2012) , rats were given single-site unilateral intrastriatal microinjections of 6-OHDA (12.5 mg in 5 μl). Lesions were validated on the basis of d-amphetamine-stimulated rotation (2.5 mg/kg, sc) assessed 7 days after administration of 6-OHDA. Rats were euthanized by transcardial perfusion under pentobarbital anesthesia 7 days after validation of the lesions. Brains were then extracted, cryoprotected and post-fixed.
Histological analysis
Coronal sections (50 mm) were stained with a modified tyrosine hydroxylase-silver nucleolar (TH-AgNOR) stain using MultiBrain s Technology (NeuroScience Associates, Knoxville, TN) as previously described (Switzer III et al., 2011) . This procedure stains the nucleolus of tyrosine-hydroxylasepositive neurons, thus facilitating both stereological cell counting and assessment of nucleolar morphology (HealyStoffel et al., 2013) . The antibody was rabbit polyclonal anti-tyrosine hydroxylase (Pel-Freez Biologicals, Rogers, AR; P40101-0, Lot# 06432; working dilution 1:1000), which was generated using SDS-denatured tyrosine hydroxylase purified from rat pheochromocytoma. The antibody was specific for a 60 kDa band on Western blots of rat striatal lysates (Haycock, 1989) . The immunostaining pattern observed was also consistent with the reported distribution of tyrosine hydroxylase and its mRNA in rat brain (Chan and Sawchenko, 1998) . Every sixth section containing the regions of interest was selected for stereological quantitation (Bregma À 4.70 mm to À7.04 mm). TH-AgNOR-stained cells were quantified using the Microbrightfield Stereoinvestigator software package combined with a Nikon Eclipse TE2000-U microscope coupled to a Heidenhein linear encoder unit and a QImaging Retiga-2000R color digital video camera.
Using a rat brain atlas (Paxinos and Watson, 1998) , the borders of the SNpc (Bregma À4.80 mm to À6.30 mm) were carefully outlined in rostrocaudal sections at 4 Â magnification to exclude the pars reticulata, pars lateralis, pars medialis, and the VTA. The VTA was outlined (Bregma À 5.20 mm to À6.80 mm) to exclude the SNpc, SN medialis, fasciculus retroflexus, mammillotegmental tract, mammillary peduncle, interfascicular nucleus, the rostral line of the nucleus of Raphe, the medial lemniscus, the paranigral nucleus, the visual tegmental relay zone, the accessory optic tract, all portions of the interpeduncular nucleus, and the RRF. The parabrachial pigmented nucleus was excluded as much as it was distinguishable from the boundaries of the VTA (which is difficult to determine in the caudal portions). All sections were photographed at low magnification and compared for consistent definition of regions. The RRF was outlined (Bregma À6.30 mm to À7.04 mm) to exclude the SN reticularis and the VTA.
Pilot studies were completed to determine the optimal stereological study parameters for each reference space quantified, and the resultant grid size, counting frame size, and disector height are shown in Supplementary Table 1 . Every sixth section containing the regions of interest was b r a i n r e s e a r c h 1 5 7 4 ( 2 0 1 4 ) 1 1 3 -1 1 9 counted. Cells were counted and volumes measured at 100 Â magnification using the simultaneous application of the optical fractionator and a double nucleator method to quantify both the neuronal body and the nucleolar volumes in each neuron. Neurons were counted only when both the soma and the nucleus were present and within focus. The variations in brain positioning in the MultiBrain s embedding process provide a randomized sectioning start for each brain quantified. Cells were counted using the optical fractionator by placing the disector marker on the nucleolus of the cell. The double nucleator was then employed by automatic software placement of four randomly oriented crossed rays centered at the counting point, and four discriminately placed markers on the outside borders of each of the nucleolus and the outline of the cell body, respectively as previously described in detail (Healy-Stoffel et al., 2013) . In some neurons, the nucleolus was visible within the nucleus, but dark staining of the nucleus made it impossible to accurately distinguish the borders of the nucleolus for placement of the nucleator probe (SNpc: 9.871.1% on the ipsilateral side and 9.970.9% on the contralateral side; VTA: 7.171.5% on the ipsilateral side and 10.271.4% on the contralateral side; RRF: 9.672.1% on the ipsilateral side and 11.271.2% on the contralateral side; all not significant by paired t-test). These neurons were included in the total cell count, but were not included in the volumetric analyses of the nucleolus because it was not possible to employ the double nucleator technique.
A maximum coefficient of error of 0.15 (m¼ 1) was accepted for all results, with the exception of the RRF (Gundersen et al., 1999) . The RRF is both very small and has relatively fewer neurons than the other regions quantified, thus it was not possible to achieve ideal CEs within the chosen sampling protocol. Accordingly, in the RRF CEs ranged from 0.11 to 0.22.
Data analysis
Data are presented as the mean7S.E.M. The effects of 6-OHDA between the ipsilateral and contralateral hemispheres were tested for statistical significance using paired t-tests. Within-subject changes in any parameter were expressed as a percentage relative to the contralateral side. The mean percentage changes among the SNpc, VTA and RRF were compared by repeated-measures one-way ANOVA, and post-hoc comparisons were made using Student-NewmanKeuls. In the cases of neuronal number and neuronal volume, where the data were not normally distributed, nonparametric repeated-measures ANOVA followed by Dunn's multiple comparisons test was used (Instat, v.3.0) .
